Presenilin 1 (PS1) expression is repressed by the p53 tumor suppressor. As shown herein, wild-type PS1 is an effective antiapoptotic molecule capable of significantly inhibiting p53-dependent and p53-independent cell death. We analyzed, at the functional and molecular levels, the brains of p53 knockout mice. Surprisingly, we found that lack of p53 expression induces apoptotic brain lesions, accompanied by learning deficiency and behavioral alterations. p53-deficient mice show an unexpected overexpression of p21 waf1 with subsequent down-regulation of PS1 in their brains. This process is progressive and age-dependent. These data indicate that the p53 pathway, besides affecting tumor suppression, may play a major role in regulating neurobehavioral function and cell survival in the brain. P resenilin 1 (PS1) was characterized as a predisposition gene mutated in early-onset familial Alzheimer's disease (1). Increased evidence indicates that mutations in PS1 accelerate neurodegeneration and facilitate apoptosis (2-4). Furthermore, PS1 knockout mice have massive neuronal loss, skeletal defects, and severe hemorrhages and die shortly after birth (5, 6). Mutant PS1 transgenic, knockin mice, as well as transfected cells, show accelerated neurodegeneration or susceptibility to apoptosis (2-4). Experimental down-regulation of PS1 expression by antisense cDNA induces apoptosis in both hematopoietic and neuronal cells (7, 8) , suggesting a conserved function in different cell types. PS1 interacts with a series of proteins among which are Notch and a c-Jun-interacting factor (9, 10). Repression by PS1 of c-Jun function through the specific interaction with QM͞Jun-interacting factor-1 was also shown to inhibit apoptosis (10). Together, all these findings suggest that loss of PS1 function may contribute to apoptotic processes that underlie neurodegenerative diseases. Interestingly, PS1 is associated with the p53 signal transduction pathway (7, 11). Wild-type p53 down-regulates PS1 expression; a similar effect is exerted also by the p53 target gene product p21 waf1 (12) (13) (14) (15) , raising the possibility that the effect of p53 on PS1 expression is attained indirectly through p21 waf1 induction (7). In the present work, we investigated the effect of PS1 on apoptosis in both p53-dependent and p53-independent systems as well as the in vivo consequences of p53 deficiency on PS1 regulation, apoptosis in the brains, and neurobehavioral functions in p53 knockout mice.
Presenilin 1 (PS1) expression is repressed by the p53 tumor suppressor. As shown herein, wild-type PS1 is an effective antiapoptotic molecule capable of significantly inhibiting p53-dependent and p53-independent cell death. We analyzed, at the functional and molecular levels, the brains of p53 knockout mice. Surprisingly, we found that lack of p53 expression induces apoptotic brain lesions, accompanied by learning deficiency and behavioral alterations. p53-deficient mice show an unexpected overexpression of p21 waf1 with subsequent down-regulation of PS1 in their brains. This process is progressive and age-dependent. These data indicate that the p53 pathway, besides affecting tumor suppression, may play a major role in regulating neurobehavioral function and cell survival in the brain. P resenilin 1 (PS1) was characterized as a predisposition gene mutated in early-onset familial Alzheimer's disease (1) . Increased evidence indicates that mutations in PS1 accelerate neurodegeneration and facilitate apoptosis (2) (3) (4) . Furthermore, PS1 knockout mice have massive neuronal loss, skeletal defects, and severe hemorrhages and die shortly after birth (5, 6) . Mutant PS1 transgenic, knockin mice, as well as transfected cells, show accelerated neurodegeneration or susceptibility to apoptosis (2) (3) (4) . Experimental down-regulation of PS1 expression by antisense cDNA induces apoptosis in both hematopoietic and neuronal cells (7, 8) , suggesting a conserved function in different cell types. PS1 interacts with a series of proteins among which are Notch and a c-Jun-interacting factor (9, 10) . Repression by PS1 of c-Jun function through the specific interaction with QM͞Jun-interacting factor-1 was also shown to inhibit apoptosis (10) . Together, all these findings suggest that loss of PS1 function may contribute to apoptotic processes that underlie neurodegenerative diseases. Interestingly, PS1 is associated with the p53 signal transduction pathway (7, 11) . Wild-type p53 down-regulates PS1 expression; a similar effect is exerted also by the p53 target gene product p21 waf1 (12) (13) (14) (15) , raising the possibility that the effect of p53 on PS1 expression is attained indirectly through p21 waf1 induction (7) . In the present work, we investigated the effect of PS1 on apoptosis in both p53-dependent and p53-independent systems as well as the in vivo consequences of p53 deficiency on PS1 regulation, apoptosis in the brains, and neurobehavioral functions in p53 knockout mice.
Materials and Methods
Cells, Transfectants, Western Blot Analysis, Antibodies, and Terminal Deoxynucleotidyltransferase-Mediated UTP End Labeling (TUNEL) Assay. LTR6 cells stably transfected with the temperature-sensitive p53Val135 mutant have been described (16) . LTR6 cells were transfected by using Lipofectin with the full-length mouse PS1 cDNA subcloned in pcDNA3.1͞Zeo (Invitrogen). Selection was performed with zeocin (50 g͞ml) for 6 weeks. All of the experiments were reproduced on at least two clones five consecutive times.
Polyclonal anti-PS1 antibodies (95͞23) against the N-terminal fragment were kindly provided by C. L. Masters and G. Evin (University of Melbourne, Melbourne). For the detection of PS1, proteins were extracted adding 1% Nonidet P-40 and 1% Triton X-100, followed by the addition of SDS sample buffer with a final concentration of 8 M urea, heated for 20 min at 56°C, and loaded directly on the gel (10 g of protein). Signals were detected with a secondary antibody coupled to peroxidase. Equal loading of proteins was analyzed by hybridizing the Western blots with anti-␤-tubulin antibodies.
Human PS1 cDNA (2.7 kilobases) was cloned in the EcoRI site of the pBK-RSV vector (Stratagene), and US cells (17) were transfected with Lipofectin. Stable transfectants were obtained after 3 weeks of selection with 1.5 mg͞ml of G418 (Sigma). Western blot analysis and TUNEL assay were performed as described above with anti-human PS1 antibodies (7) . All of the experiments were reproduced on polyclonal cultures five consecutive times. p21 waf1 and antisense PS1 transfectants of U937 cells have been described (7, 18) . For the detection of p21 waf1 , proteins were extracted by using standard conditions and sc-397 (Santa Cruz Biotechnology) as anti-p21 waf1 antibody.
p53-Deficient Mice: Morris and Open Field Tests. The experimental animals (aged 49-63 days) consisted of 12 female and 11 male p53Ϫ͞Ϫ mice of the C57BL͞6 genetic background (Taconic Farms) and 12 male and 12 female wild-type aged-matched control mice (C57BL͞6). Mice were tested in a Morris swimming pool; the circular swimming pool (70 cm in diameter and 30 cm high) was filled with water (22°C) made opaque with the Opacifier 631. Dropped into the water from a different quadrant on each trial, mice had to learn to navigate to the invisible platform by using the spatial cues available in the room. After a training session to learn the procedural component of the task, mice were given three consecutive trials a day, for 4 days. After the third trial of the last session, mice were submitted to a probe test for the spatial bias. The platform was removed, and the mouse, starting from the opposite quadrant, was allowed a 1-min search for the platform. The path was recorded on a video tape, and a spatial bias index was computed as the number of crossings of an 8-cm diameter annulus surrounding the former location of the platform minus the mean crossings of the three annuli symmetrically laid out in the quadrants where the platform had never been. The experimenter was blind to the genotype and age of animals.
The same animals used in the Morris test were used in the Open Field test. Mice were introduced individually in a gray poly(vinyl chloride) cylinder (40 cm in diameter and 30 cm in height). This device, lit by six white bulbs (125 lux) diffusing through a frosted glass, represents a moderately anxiogenic situation. The relative number of central sector crossings corresponds to the number of crossings of a 15-cm diameter, centrally located annulus expressed as a percentage of the overall locomotor activity. Behavioral measurements were done over 5 min, providing a measurement of emotional reactions to absolute novelty. Northern Blotting. Northern blot analysis was performed with 2 g of mRNA. Hybridization was done with random-primed 32 Plabeled probes for the fingerprint of the differentially expressed genes, p21 waf1 , PS1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Histopathological Analysis and TUNEL Assay on the Brains. Four knockout mice and two controls were anesthetized and perfused transcardially with 10% (vol͞vol) formaldehyde. After removal of the brains, 1-mm coronal blocks were embedded in paraffin, and 7-mm-thick sections were obtained and stained by hematoxylin͞eosin and Bodian silver stain. Apoptotic nuclei were labeled by TUNEL according to the manufacturer's instructions (Roche Molecular Biochemicals). All of the slides were counted independently by at least two investigators with a double blind approach.
Results and Discussion PS1 Is Antiapoptotic. To assess a putative antiapoptotic function of PS1, we tested whether PS1 can protect cells against the apoptotic action of p53. The experimental system chosen for this purpose consisted of LTR6 cells (16) . These cells are derived from the murine leukemic cell line M1 through stable transfection with the temperature-sensitive p53Val135 mutant. On shift from 37°C to 32°C, p53Val135 regains wild-type p53 function; this gain of function, in turn, results in apoptotic cell death (16) . Of particular note, LTR6 cells show a pronounced downregulation of PS1 expression after wild-type p53 activation (7, 11) . Transfection of LTR6 cells with a PS1 expression vector resulted in only slightly more elevated levels of PS1 protein expression (Fig. 1A, lane 2) as compared with the control LTR6 ( Fig. 1 A, lane 1) . After 12 h of wild-type p53 induction in the LTR6 cells at 32°C, the level of PS1 strongly decreased ( Fig. 1 A,  lane 3) . In contrast, the LTR6-PS1 transfectants in the same experimental conditions maintained a significantly higher level of PS1 (Fig. 1 A, lane 4) . These results indicate that transfection with the PS1 expression vector can compensate for the decrease in PS1 induced by p53. Importantly, induction of p53-mediated apoptosis at 32°C was markedly suppressed in these cells, which were allowed to maintain relatively high PS1 levels (Fig. 1C) . This suppression by 50% of the program of cell death was also apparent after 24 h of incubation at 32°C, irrespective of whether apoptosis was measured by accumulation of cells with sub-G 1 DNA content or by the TUNEL assay and whether LTR6 cells were transfected with a PS1 expression vector or infected with a PS1 retrovirus (data not shown). Hence, increased levels of PS1 protect against p53-induced apoptosis.
This antiapoptotic function of PS1 was also confirmed in a p53-independent system (Fig. 1 D-F) in which US cells were transfected with PS1. These US cells (17) , derived from the human monocytic cell line U937, express decreased levels of PS1 (7). As described previously, this down-regulation of PS1 in the US cells is due to increased levels of p21 waf1 in the absence of p53 (7) . Stable transfection of US cells with PS1 resulted in elevated levels of the 50-kDa full-length protein (Fig. 1D) with a drastic inhibition (75%) of apoptosis (Fig. 1F) . These data show that increasing PS1 levels protects against apoptosis, whereas a decrease in PS1 facilitates apoptosis. Previous reports indicated that the C-terminal portion of PS2 (ALG3) protects against apoptosis (19, 20) , whereas others reported increased apoptosis with mutant PS1 and PS2 (2-4, 19, 20) . Furthermore, highly increased levels of wild-type human PS1 in transgenic rats were reported to be proapoptotic (21) , perhaps because, in these systems, heterologous PS1 is recognized as a mutant one. Our data suggest that wild-type PS1 levels are tightly controlled within a narrow margin where PS1 can exert its antiapoptotic function.
Common Downstream Effector Genes Between p53-p21 waf1 and PS1.
To investigate further whether signal transduction by PS1 is related to p53 and p21 waf1 , we used a series of 15 previously characterized cDNAs as a molecular fingerprint of the p53 and͞or p21 waf1 transduction pathway (22) . These genes have been named TSAP, for tumor suppression activated pathway, or TSIP, for tumor suppression inhibited pathway. Used as markers in Northern blot analysis, they have been shown to be differentially expressed in tumor suppression and͞or apoptosis (22) and induced in p53-dependent or p53-independent biological model systems. As summarized in Table 1 , the Northern blot analysis with these markers as a probe shows that there is a striking overlap in the differential expression of these genes between U937 cells transfected with p21 waf1 and U937 cells transfected with antisense PS1. These results indicate that induction of p21 waf1 or repression of PS1 triggers at least partially common downstream effector genes.
p53-Deficient Mice Have Learning Deficiencies and Behavioral Alter-
ations. Because PS1 is a predisposition gene for early onset familial Alzheimer's disease and because its expression is regulated by p53, we evaluated the potential relevance of PS1 regulation by p53 by studying p53-deficient mice at the cognitive, behavioral, molecular, and pathological levels. p53 knockout mice have been widely studied for their increased cancer susceptibility (23) . A significant portion of the female animals also have an abnormal closure of the neural tube resulting in exencephaly, leading to death in utero (24, 25) . No abnormalities of the central nervous system were hitherto described in young or adult p53 knockout mice. For testing the memory and behavioral parameters, to avoid a possible interference of tumor formation with behavior, we studied mice during a disease-free time interval (49-63 postnatal days). All of the animals were verified by PCR to have a disrupted p53 gene (data not shown). Two tests were performed: the Morris water maze and the open field. The Morris water maze (26, 27) , in which spatial learning and memory are evaluated, was used successfully in recent studies, including a mouse model of Alzheimer's disease (28) . The open field test measures behavioral parameters in a mildly anxiogenic situation (29) and was used for mapping quantitative trait loci for fear-like behaviors in mice (30) . A total of 23 p53 knockout mice and 24 control animals were tested.
In the Morris water maze, mice are placed in a circular swimming pool and learn to escape to a hidden platform. To ensure that spatial learning occurred, a spatial probe test was given at the end of the learning session. Whereas p53Ϫ͞Ϫ males did not differ from male and female wild-type controls, p53Ϫ͞Ϫ females showed significantly inferior performance at the probe test, indicating poorer spatial learning and memory capacities (Fig. 2Aa) . One of the traits measured by the open field test is the ''wall-seeking'' tendency (thigmotaxis). When individually introduced into a cylinder, both female and male p53Ϫ͞Ϫ mice show a significantly lower percentage of relative central activity (Fig. 2 Ab) , which is an index of the ability to overcome the fear of leaving the wall to explore an unknown area. These results suggest that p53-deficient mice are more thigmotaxic than their normal counterparts. Moreover, from observing the breeding process of these animals, it becomes obvious that it is very hard to obtain any progeny from homozygous p53Ϫ͞Ϫ mice. This difficulty is partially caused by the fact that p53Ϫ͞Ϫ mice are less fertile, but also because they totally neglect their progeny and let them die. These observations together with the parameters obtained in the Morris and open field tests indicate that p53Ϫ͞Ϫ animals suffer from a variety of neurological problems.
Aged p53-Deficient Mice Exhibit Increased p21 waf1 Expression and
Down-Regulation of PS1 in the Brain. We next investigated whether the perturbations in central nervous system function in p53 knockout mice are correlated with changes in PS1 and p21 waf1 expression in the brain, because both genes are regulated by wild-type p53 and have been reported to modulate apoptosis (7, (12) (13) (14) (15) . Two groups were analyzed: young 6-week-old to 2-month-old mice and adult 6-to 7-month-old mice. The first group of young animals consisted of new p53Ϫ͞Ϫ offspring. The second one consisted of the same series of p53Ϫ͞Ϫ mice previously tested for the Morris and open field, except those that died in the meantime from cancer. We found striking age-related differences. Young p53Ϫ͞Ϫ animals possess the same levels of PS1 and p21 waf1 mRNA as control mice (Fig. 2 Ba-Bc) . In contrast, adult p53Ϫ͞Ϫ mice show a dramatic repression of PS1 and increase in p21 waf1 mRNA expression (Fig. 2 Bd-Bf ). As seen in Fig. 2 Bg-Bi, PS1 protein expression was markedly decreased in the brains of p53 knockout mice. We also tested cDNA from the p53 knockout mice for mutations in the coding region of PS1; none were found (data not shown). These observations suggest that older p53 knockout mice overcompensate for the lack of p53 by overexpressing p21 waf1 with consequent PS1 repression. Our previous studies indicated that increased expression of p21 waf1 resulted in repression of PS1 with induction of apoptosis (7) and that inhibition of PS1 production by antisense cDNA induces apoptosis (7, 8) . These findings support the notion that the decreased PS1 expression in the brain may cause defects in central nervous system function through augmentation of apoptosis.
The fact that young p53 knockout mice already have learning, memory, and behavioral alterations before any measurable decrease in PS1 levels is similar to what is found in neurode- TSAP9 TSAP10 TSAP11 TSAP12 TSAP13 TSAP14 TSAP15 TSAP16 TSAP17 TSAP18 TSAP19 TSAP20 TSAP21 TSAP22 TSIP3   U937 
D, differential expression by Northern analysis; N, no differential expression by Northern analysis. Homologies: TSAP 9, chaperonin containing t-complex polypeptide 1; TSAP 13, proteasome subunit p40.5 (Nas 7p); TSAP 21, SNARE syntaxin 11 (22) .
generative diseases. Abnormalities in behavior can occur in Alzheimer's disease patients long before the terminal stage of the disease in which neurodegeneration is observed (31) . Furthermore, we could have easily missed a decrease in PS1 that was confined to a small territory of the brain but that already could have resulted in consequences on learning, memory, and behavior. Moreover, the mutant PS1 transgenic mice show significant levels of apoptosis only in the aged, 13-month-old animals (4). These data suggest a slowly progressive process in which abnormalities in memory and behavior occur before the downregulation of PS1 becomes measurable. Conceivably, additional as-yet unknown molecular deregulations induced by p53 deficiency may also contribute to this process.
Apoptosis in the Brains of p53-Deficient Mice. Histopathological analysis, combined with a TUNEL assay to evaluate apoptosis, was performed on the older animals with the PS1 downregulation described above. Three of four animals showed no striking gross pathological abnormality. One knockout mouse (female) had more than 50% thinning of the isocortex, with a highly enlarged ventricle (Fig. 2Cb) , as compared with the control animals (Fig. 2Ca) . Defects in neural tube closure were described exclusively in female p53 knockout mice (24, 25) . Interestingly, we find that memory was also significantly affected only in females. The thinning of the isocortex is probably not related to the anencephaly in utero described in the p53Ϫ͞Ϫ females, because, in the former case, apoptotic cells are still present suggesting a progressive neurodegenerative process. Quantification of the pyknotic nuclei and TUNEL-positive cells showed apoptotic lesions (Fig. 2 D-F) in the brains of all of the p53 knockout mice.
In conclusion, although our previous in vitro experiments indicated that down-regulation of PS1 by p53, p21 waf1 , or antisense PS1 induces apoptosis, we presently demonstrate the antiapoptotic function of wild-type PS1 in both p53-dependent and p53-independent systems. The analysis of p53 knockout mice reveals an array of neurological defects associated with apoptotic lesions in the brain. These alterations may involve a long-term age-dependent overcompensation of p53 deficiency by increased p21 waf1 expression, which leads to down-regulation of PS1. This down-regulation, in turn, compromises the antiapoptotic effect of PS1. Our findings indicate that the loss of PS1 function, through either mutations as seen in early onset familial Alzheimer's disease or deregulation of expression as seen in p53-deficient mice, eventually leads to cell death. Together with the data showing developmental abnormalities in the brains of p53-deficient mice, our study indicates that p53, besides its role in cancer prevention, also plays a crucial role in maintaining the integrity of the central nervous system.
